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INTRODUCTION 

McCauley  and  Corbin^  have  published  a  revised  phase  equilibrium  dia¬ 
gram  for  the  pseudo^blnary  Al203*AlN  composition  Join  for  one  atmosphere  of 
flowing  nitrogen.  Since  that  time  additional  characterization  of  final  re¬ 
acted  products  has  been  carried  out  by  transmission  electron  microscopy 
(TEM).  Further,  there  has  been  much  renewed  Interest  in  AIN  ceramics  since 
the  methodology  for  processing  of  translucent  polycrystalllne  AIN  has  been 
published  by  Kuramoto  and  Tanlguchl^  *  The  purpose  of  this  paper  Is  to  re¬ 
late  mlcrostructural  development  In  this  system  to  unified  crystal 
chemistry  and  phase  equilibria  concepts,  supplemented  by  TEM  characteri¬ 
zation  of  selected  final  products. 

REVIEW 

Figure  1  Illustrates  the  proposed  phase  diagram  as  redrawn  by  Dennis 
and  Ondlk^  for  the  Phase  Diagrams  for  Ceramists  project.  Compositions  for 
the  32H  and  16H  AIN  polytypolds**  and  the  9AI2O3.  AIN  phase  ^  are  also 
Indicated  on  the  diagram  -  the  phase  equilibrium  relations  for  these  phases 
are  not  yet  completely  understood. 

This  system  can  serve  as  a  useful  model  for  many  other  advanced 
ceramic  systems  where  oxide  sintering  aids  are  added  to  nitride  or  carbide 
mixtures.  For  the  conditions  (one  atmosphere  of  flowing  nitrogen)  studied, 
one  end  member  (AIN)  sublines,  while  the  other  (AI2O3)  melts  resulting  In 
solid /vapor,  llquld/vapor  and  liquid/solid  equilibria  that  add  enormous 
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FIGURE  1.  PROPOSED  PHASE  EQUILIBRIUM  FOR 
THE  PSEUDO-BINARY  AI2O3-AIN  COMPOSITION 
JOIN.  (ONE  ATMOSPHERE  OF  FLOWING  NITROGEN). 

potential  complexities  to  processing  of  mixtures  In  these  types  of  systems. 

Very  small  temperature  of  composition  changes  c,an  result  in  dramatic 
changes  in  sintering  mechanisms  and  resulting  material.  Besides  the  pro* 
blems  associated  with  equilibrium  phenomena,  th^re  are  also  non-equlllbrlum 
aspects,  Including  those  associated  with  Impurities  In  starting  powders 
which  can  also  alter  the  sintering  mechanisms,  especially  if  they  result  In 
Impurity  liquids  that  have  differing  wetting  or  vapor  formation  properties. 

The  other  Important  feature  of  this  system  involves  the  various  cry* 
stal  chemistry  aspects  Involved  in  anion,  rather  than  cation  crystal 
chemistry.  Traditional  crystal  chemistry  normally  Involves  cation 
substitutions  In  constant  anion  frameworks.  However,  In  this  system  the 
aluminum  cation  does  not  change,  while  oxygen  and  nitrogen  are  continuously 
varied.  Figure  2  is  a  schematic  summary  representation  of  the  various 
crystal  chemistry  and  phase  equilibrium  relationships  observed  In  this  sys* 
tem.  As  Indicated  In  the  figure,  one  of  key  factors  in  the  formation  of  all 
the  Intermediate  phases  Is  the  change  in  cation  coodination  caused  by  the  * 

substitution  of  nitrogen  for  oxygen  or  vice  versa.  Application  of 
Pauling's^  electrostatic  valence  rule  clearly  demonstrates  that  the 

addition  of  nitrogen  anions  to  a*Al203  causes  a  local  charge  Imbalance  on  , 

Che  substituted  nitrogen  which  can  be  minimized  by  an  A1  coordination  shift 
from  six  Co  four  anions.  This  rule  is  summarized  as  follows: 

Ce«Ae  or  ?+A*  net  charge  on  anion 
where  ?  ■  SS  »  sum  of  bonds  to  anion 

A  ■  anion  valence 
and  z  ■  cation  valence 

ze  ■  electrical  charge  on  cation 
Strength  of  electrostatic  bond  -  S  ■  — 
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Where  CN  >  coordination  number  of  cation 


Three  levels  of  substitution  Illustrate  the  situation: 
Case  1.  N  substitutes  for  0,  no  change  in  structure: 

?(N)-ii  +  4  +  4  +  4-  2 


VI  IV  IV 

AI3 


3  +  1  +  3  +  3 
6  6  6  6 


But  since  A(N)  -  -  3 
Met  charge  on  M  »  -1 

Case  2.  N  substitutes  for  0,  some  A1  goes  into  tetrahedral  coordination: 


IV  VI  IV  IV 
Al^  AI2  O3  ^(N) 


2  +  1  +  1  +  1-  2.25 
4  6  6  6 


Case 


3.  N  substitutes 


IV  VI  IV  IV 
AI2  Ai''^03  n'-'' 


Net  charge  on  N  -  -0.75 

for  0,  more  A1  goes  into  tetrahedral  coordination: 

4(N)-1  +  ^  +1  +1  »  2.50 
4  4  6  6 


Net  charge  on  N  •  -0.50 

The  converse  is  true  for  oxygen  addition  to  AIN.  Therefore,  minor 
additions  of  nitrogen  or  oxygen  to  either  end  member  results  in  a  variety 
of  modulated  structures  based  on  either  AIN  or  a-Al 2O 3.  Further,  another 
Indirect  effect  of  this  is  that  the  viscosity  or  the  glass  forming  tendency 
of  a  liquid  with  substantial  aluminum  may  be  increased  with  nitrogen 
additions  because  of  the  formation  of  higher  strength  tetrahedral  bonds. 


TYPt  OF 
EQUILIBRIA 

TRANSITION 

SaiD/VAPOR 

f 

SOLID/LIQUID 

PREDOMINANT 

BONDING 

COVAlfNT 

CHANGE 

! 

IONIC 

CATION 

COORDINATION 

.y  ^INCREASING  VI 
^DECREASING  IV 

CLOSE  TO 
1/4  IV 

3/4  VI 

DECREASING  IV-^y, 
INCREASING  Vl-^  ' 

PACKING  OF 
FRAMEWORK  ATOM 

HCP  (All 

CCP  (O/NI 

HCP  (01 

ANION 

COORDINATION 

IV  IV 

IV 

IV  IV 

AIN  STRUCTURES 

CONSTANT  ANION  SPINEL  MODEL  CORUNDUM 

STRUCTURES 
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Al-O/N  OCTAHEDRA 
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*  87  9  S3  3  * 

100  80 

60 

«  35.7  '  ‘ 

20  16.7  '  7.1  6 

AIN  mole  %  AIN  AI3O3 


FIGURE  2.  RELATION  OF  CRYSTAL  CHEMISTRY  TO  COMPOSITION  AND 
PHASE  EQUILIBRIUM  IN  THE  AIN-AI2O3  SYSTEM. 
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A  model,  assuming  a  constant  anion  spinel  framework^,  has  been 
successfully  used  to  describe  and  account  for  the  unconventional  compo~ 
sltlons  of  .both  the  ALON  (x“5)  and  the  V(ALON';  x  ■  2)  phases.  This 
model  derives  from  the  following  considerations: 


•  Two  end  members  are  nAl*  2O3  and  mAl''N. 


•  let  X  » 

N 

then  Al" 

■  X 

y  " 

0 

then  Al' 

2 

-  3  y 

•  further 

If  N  -  X 

then  0 

-  32-x 

Al* 

-  1  (32-x) 
3 

2 

•  then  total  cations  *  (32-x)  +  x 

•  cation  vacancies  or  Interstitials 


Al"  -  X 
64+x 
3 

64+x  8-x 

24,— 3-  -  — 


FINAL  FORMULA 


^^64+x  L-l  ^  °32-x\ 
3  3 


FOR  X  "  8  normal  spinel  structure 
X  >  8  cation  Interstitials 
X  <  8  cation  vacancies 

Using  the  above  formula  and  substituting  N*  II  toN*0  the 
stoichiometries  listed  In  Table  1  can  be  calculated. 


« 


« 


Table  1.  Stoichiometries  calculated  from  constant  anion  spinel  model 


Mole  Z 


N 

0 

Al  INTERSTITIALS 

VACANCIES 

AIN 

* 

11 

21 

25,00 

1.00 

- 

61.1 

10 

22 

24.67 

0.67 

- 

57.7 

9 

23 

24.33 

0.33 

- 

54.0 

* 

8 

24 

24.00 

0 

0 

50.0 

Normal 

7 

25 

23.67 

- 

0.33 

45.7 

6 

26 

23.33 

- 

0.67 

40.9 

* 

5 

27 

23.00 

- 

1.00 

35.7 

ALON  (y) 

4 

28 

22.67 

- 

1.33 

30.0 

3 

29 

22.33 

- 

1.67 

23.7 

* 

2 

30 

22.00 

- 

2.00 

16.7 

ALON'  (4'') 

1 

31 

21.67 

- 

2.33 

8.8 

0 

32 

21.33 

— 

2.67 

0 

• 

*  m 

stoichiometric  compounds 

-  Integral  numbers  of 

atoms 

Basically  the  reasoning  behind  using  the  above  model  for  describing  these 
spinel  materials  Is  that  In  any  unit  cell  an  atom  Is  either  there  (inte* 
gral)  or  not  there  (zero);  fractions  of  atoms  can  not  exist  In  an  actual 
unit  cell.  The  model  also  helps  to  clarify  the  two  ALON  spinel  compo* 
sltlons  since  first  proposed  by  Yamaguchi  and  Yanoglda^. 
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MICROSTRUCTURAL  DEVELOPMENT 
ALON'  (!>')  REGION 


Figure  3  Illustrates  reflected  light  optical  photomicrographs  of 
mixtures  processed  in  the  region  of  20  mole  Z  AIN.  For  these  figures,  and 
also  the  succeeding  ones,  the  figure  numbers  refer  directly  to  the  black 
dots  on  the  phase  diagram  In  figure  1  for  quick  location  and  reference- 
The  apparent  deep  eutectic  at  about  25  mole  Z  AIN  results  In  the  formation 
of  a  liquid  phase  as  depicted  In  3(a).  Figures  3(b)  and  3(c)  Illustrate 
analogous  structures  for  a  distorted  spinel  phased  referred  to  as  ALON'  or  41' 
and  similar  to  C  -  AI2O3  or  LlAIsOg^^.  The  aforementioned  model  predicts 
a  composition  of  Al22O30%  (16.7  molet  AIN)  for  this  isaterlal.  Figure  4 
Illustrates  a  transmission  electron  micrograph  of  the  fine  structure  shown 
In  figure  3(c).  Figure  5  Illustrates  an  analogous  TEM  micrograph  showing 
bands  of  Incompletely  reacted  or  transformed  ALON  (bright  bands)  and  bands 
(dark)  of  apparent  ALON'  (♦')  material.  Much  more  detailed  work  is  needed 
on  this  material. 


ALON  Region 

Optical  (reflected  light)  photomicrographs  of  typical  microstructures 
observed  In  the  ALON  solid  solution  field  are  Illustrated  In  figure  6.  A 
TEM  photomicrograph  of  material  Identical  to  that  In  figure  6(c)  Is 
Illustrated  In  figure  7  showing  very  clean  grain  boundaries  for  carefully 
processed  30  moleZ  AIN  ALON  material.  Figure  6(b)  Illustrates  an  ALON  micro¬ 
structure  having  a  significant  amount  of  residual  porosity.  As  the 
processing  temperature  approaches  the  liquid  plus  ALON  phase  boundary, 
porosity  la  dramatically  reduced,  but  other  phases  appear  as  depicted  by 
the  microstructure  In  figure  6(a).  This  results  from  the  formation  of  a 
liquid  which  quenches  to  12H  plus  ALON.  Other  highly  reflective  phases  can 
also  be  observed. 


From  this  composition  towards  the  AIN  side  many  AIN  polytype-llke  phases 
(polytypolds)  occur  as  a  function  of  temperature  and  starting  composition. 
These  are  not  properly  called  polytypes  since  their  composition  vary. 

Table  2  Is  a  summary  of  many  of  these  polytvpold  phases  with  the  corre* 
spending  nomenclature  used  by  other  authors^ ^ .  Figure  8  shows  the 
summarized  X*ray  diffraction  data  used  In  this  study  to  differentiate 
them. 
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FIGURE  3.  41' (ALON’)  REGION  MICROSTRUCTURES. 

(a)  ALON  +  L  (REFLECTED  LIGHT) 

(b)  41'  +  L  (TRANSMITTED  LIGHT) 

(c)  41'  +  L  ((B)  IN  CROSSED  POLARS) 
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FIGURE  4.  TEM  OF  (ji'  (ALON')  FINE  MICROSTRUCTURE; 
SAME  MATERIAL  AS  IN  FIGURE  3(c). 


FIGURE  5.  TEM  OF  ALON  AND  ALON'  INTERGROWTH 
MICROSTRUCTURE;  SAME  MATERIAL  AS  IN  FIGURE  3(c). 
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FIGURE  6. 


ALON  REGION  MICROSTRUCTURES  REFLECTED  LIGHT. 


(a)  ALON  +  L  (ALON  +  12H) 


(b)  ALON 


FIGURE  7.  TEM  MICROSTRUCTURE  OF  30  MOLE  7.  AIN  ALON  MATERIAL; 
SAME  MATERIAL  AS  IN  FIGURE  6(c). 


Using  Che  criteria  described  above,  Che  lenticular  phase  in  figure 
6(a)  was  identified  as  12H  material*  Figure  9,  however,  illustrates  a  TEM 
photograph  of  this  same  phase  (apparently)  identified  in  this  case  as  a 
highly  strained  15R  polytypoid.  This  discrepancy  has  not  been  resolved  yet 
and,  therefore,  not  used  to  change  Che  phase  diagram*  X-ray  fluorescence 
energy  analysis  of  I SR  and  Che  ALON  matrix  clearly  shows  that  Si  impurities 
from  Che  starting  powders  preferentially  substitutes  into  15R*  The  other 
highly  reflecftlve  impurity  phases  were  identified  as  metallic  Sl-Fe 
inclusions  by  Che  same  technique* 
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Table  2.  AIN  polytypoid  nomenclature 


Heugonil  Unit  Cell 
Dimensions  in  K 

Authors 


a 

c 

c/n 

Afom% 

Oxygen 

iJadt) 

Jack 

(Thompson! 

Geuctler 

Sikai 

Land 

Uyden 

Lejus 

1  3  II 

4.99 

2.49 

0 

2H 

AIN 

AIN 

AIN 

AIN 

AIN 

3.08 

5.30 

2.65 

<15.8 

2h8 

- 

Xl 

- 

- 

- 

1  3.06 

71.98 

2.67 

15.8 

27R 

x? 

X2 

- 

- 

- 

3.06 

43.07 

2.o9 

17, 6l 

- 

- 

X3II6H) 

- 

- 

1  3.05 

57.19 

2. 72 

20.0 

21 R 

X6 

X4 

- 

U 

~x 

I  3.03 

32.91 

2. 74 

a.i 

12H 

X5 

X5 

C 

- 

- 

I  3.01 

41.81 

2.79 

27.3 

15RIY) 

X2 

- 

V 

Y 

- 

2.99 

23.02 

2.88 

33.3 

8H 

_ 

- 

—9 

- 

- 

n-numoer  of  layers  per  unit  cell 
Ramsdell  notation 
tphases  observed  in  current  work 
^Estimated  by  Cort>in 


<ii?i 

ai?t 


lit?) 

latj) 


?2  M  /O 


o;  60  S9 

Oeortts  29  'CuK 


AIM 

(2H) 

2H» 
Zt  ft 

le  H 

a  ft 

12  H 

15  ft 

tH 


FIGURE  8.  VARIATION  OF 
SELECTED  X-RAY  POWDER 
DIFFRACTION  PEAKS  IN  AIN 
POLYTYPOID  PHASES. 


FIGURE  9.  TEM  MICROSTRUCTURE  OF  STRAINED  15R  PHASE  AT  ALON 
GRAIN  BOUNDARIES;  SAME  MATERIAI  AS  IN  FIGURE  6(a). 


50-0  Mole  X  Al^O^  Region 

The  dramatic  effect  of  liquid  on  the  microstructure  of  reacted  mate¬ 
rial  Is  nicely  demonstrated  by  figures  10(d)  and  (e),  photomicrographs  of 
material  reacted  above  and  below  the  eutectic  temperature,  respectively. 
Figure  10(f)  Illustrates  the  macroscopic  appearance  of  these  same  samples. 
Figure  11  Illustrates  a  TEM  photograph  of  the  21R  phase  Identified  by  X-ray 
diffraction  In  figure  10(e).  The  Identification  of  12H  (figure  12)  Is  also 
confirmed  for  material  shown  In  figure  10(c).  The  comparison  of  the  micro- 
structures  In  figure  10(c)  and  10(d)  deserves  special  attention.  X-ray 
powder  diffraction  of  both  of  these  samples  Indicated  very  similar 
percentages  of  ALON  and  12H.  However,  mlcrostructural  interpretation  of 
these  same  samples  definitely  suggests  that  12H  formed  first  in  the  10(c) 
material  with  ALON  (gray  matrix  material)  forming  last.  Whereas,  ALON 
formed  first  In  10(d),  with  12H  forming  last  at  the  ALON  boundaries.  This 
nicely  shows  the  Importance  of  detailed  mlcrostructural  Information  In  the 
Interpretation  of  phase  equilibrium  relationships.  Preferential 
substitution  of  SI  Into  21R  and  12H  was  also  confirmed  by  TEM  analysis  In 
these  samples  as  well. 

This  part  of  the  phase  diagram  Is  extremely  complicated  because  of  the 
presence  of  both  the  solld/vapor  and  solld/llquld  eutectics.  Material 
processed  In  the  27R  +  21R  region  (figure  11(a))  exhibited  much  less  weight 
loss  than  material  reacted  In  the  21R  -t-  Liquid  region. 

A  series  of  low  magnification  photomicrographs  of  identical  material 
as  Illustrated  In  figure  10  Is  shown  In  figure  13.  It  Is  clear  that  the 
microstructures  labeled  21R(40Z)  -  27R(2X)  -  ALON(582)  and  21R(75%)  - 
27R(25Z),  the  latter  being  Identical  to  figure  10(a),  suggest  that  the 
fracture  energy  or  toughness  of  these  materials  should/could  be  very  large 
based  on  the  Interlocking  fibrous/lamellar  network *of  polytypold  phases. 


FIGURE  10.  50-0  MOLE  %  AI2O3  MICROSTRUCTURES. 
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FIGURE  11.  TEM  MICROSTRUCTURE  OF  21R  PHASE  SURROUNDED 
BY  ALON;  SAME  MATERIAL  AS  IN  FIGURE  10(e). 


i 


FIGURE  12.  TEM  MICROSTRUCTURE  OF  12H  PHASE  IN  ALON  MATRIX; 
SAME  MATERIAL  AS  IN  FIGURE  10(c). 


For  this  reason  additional  characterization  was  carried  out  on  the  figure 
10(a)  material'*.  In  the  detailed  TEN  study  21R  was  not  found,  but  a  new 
phase,  32H,  was  identified;  figure  14  Illustrates  lattice  Images  of  the 
polytypolds  identified  in  this  material.  It  has  been  suggested^ that  the 
composition  of  the  polytypolds  can  be  calculated  from  the  number  of  layers 
in  the  repeat  unit  cell  which  originates  from  the  various  catlon/anlon 
ratios.  So  far  quantitative  confirmation  of  the  calculated  polytypold 
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conposltions  has  not  been  successful;  qualitative  differences,  however, 
have  been  observed  and  confirm  the  trends.  The  32H  and  27R  polytypolds  are 
known  to  co*exlst  as  depicted  In  figure  15.  This  TEM  photomicrograph 
dramatically  Illustrates  the  two  co~exlstlng  phases  connected  to  each  other 
by  a  disordered  region.  It  Is  our  assumption  that  this  Is  due  to  the 
counter  diffusion  of  Ions  during  the  reaction  sintering  process. 


15  R  12*1 
ALON  (98t> 


21  »  <AO»J 
27  «  (2»1 
AlON  (58t; 


12  H  (JOI) 
ALON  (70*1 


FIGURE  13..  LOW  MAGNIFICATION  PHOTOMICROGRAPHS  OF 
VARIOUS  MATERIAL  ILLUSTRATED  IN  FIGURE  10. 


FIGURE  14.  LATTICE  IMAGES  OF  THE  32H,  27R  AND  16H  STRUCTURES 
FORMED  BY  THE  SYMMETRICAL  001  REFLECTIONS. 


ALON  HISTORICAL  PERSPECTIVE 

At  this  point  In  time  In  the  development  and  commercialization  of  ALON 
ceramics  It  Is  worthwhile  to  revisit  the  evolution  of  this  material.  The 
approach  taken  by  McCauley  and  Corbin^ ^  Involved  reaction  sintering  of  ALON 
from  starting  AI2O3  and  AIN  powders.  It  was  and  still  Is  our  opinion  that 
significant  cost  reduction  can  be  achieved  by  this  one  step  process. 

Figure  16  shows  a  macrophotograph  of  the  first  translucent  disc  of  ALON 
fabricated  In  1976.  The  main  problems  associated  with  this  process 
Involved  uncontrolled  grain  growth  of  reacted  material  and  Impurities  In 
the  starting  powders.  Figure  17  Illustrates  the  segregation  of  Impurity 
liquids  at  the  ALON  Grain  boundaries. Since  that  time  Raytheon  Company 
has  used  modified  processes  Involving  traditional  sintering  of  pre^reacted 
and  conditioned  ALON  powders.  Figure  18  is  the  latest  stage  In  the  evolu¬ 
tion  of  this  material.  So  even  In  this  case  which  Included  some  luck  and 
fortuitous  happenings  along  the  way  the  commercialization  of  ALON  has  taken 
about  ten  years. 


FIGURE  15.  LOW  RESOLUTION  LATTICE  IMAGES  SHOWING  THE  COEXISTENCE  OF  THE 
32H  AND  27R  POLYTYPOID  STRUCTURES. 


SINGLE  PHASE  CUBIC  ALUMINUM 
OXYNITRIDE  SPINEL 

FIGURE  16.  FIRST  TRANSLUCENT 
ALON  MATERIAL,  ABOUT  1976. 
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ALON  GRAIN  BOUNDARY  PHASE 
WETTING  CHARACTERISTICS 


Transmitted  Light  With  Ultra  Microscope  Lens 


SS/SL  *  2  cos^/2  SS  ■  Solid-Solid  Surface  Energy 
SL  •  Sol id -Liquid  Surface  Energy 
Dihedral  Angle 


•  -4V 


Second  Phase  Distributions  for  Various  Dihedral  Angles 


FIGURE  17.  ULTRAMICROSCOPIC  PHOTOGRAPH  OF  TRAHSLUCENT  ALON  SHOWING 
POROSITY  AND  DARK  CONTINUOUS  GRAIN  BOUNDARY  PHASE. 


FIGURE  18.  STATE-OF-THE-ART  COMMERCIAL  ALON 
PRODUCED  BY  RAYTHEON  COMPANY. 
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1  Or.  R.  J.  Gottschall,  ER-131,  GTN 

Department  of  Transportation,  400  Seventh  Street,  S.W. , 
Washington,  DC  20590 
1  ATTN:  Mr.  M.  Lauriente 

1  Mechanical  Properties  Data  Center,  Belfour  Stolen  Inc., 
13917  W.  Bay  Shore  Drive,  Traverse  City,  MI  49684 

National  Bureau  of  Standards,  Washington,  DC  20234 
1  ATTN:  £.  s.  Etz,  Bldg.  222,  Rm  A-121 

1  0.  L.  Hunston,  Bldg.  224,  Rm  A-209 

1  Dr.  0.  H.  Reneker,  Dep.  Dir.,  Ctr  for  Matl's  Sci. 

1  Dr.  Lyle  Schwartz 

1  Or.  Stephen  Hsu 

i  Dr.  Allan  Oraggoo 

U.S.  Bureau  oi  Mines,  Mineral  Resources  Technology, 

2401  E.  Street,  N.W,,  Washington,  DC  20241 
1  ATTN:  Mr.  M.  A.  Schwartz 

National  Bureau  of  Standards,  Gaithersburgh,  MD  20760 
1  ATTN:  Dr.  S.  Wiederhorn 

1  Dr.  J.  B.  Wachtman 

1  Or.  N.  Tighe 

National  Research  Council,  National  Materials  Advisory 
Board,  2101  Constitution  Avenue,  Washington,  DC  20418 
1  ATTN;  Or.  K.  2wilsky 

1  D.  Groves 

1  R.  M.  Spriggs 

1  J.  Lane 

National  Science  Foundation,  Materials  Division,  1800 
G  Street,  N.W.,  Washington,  DC  20006 
1  ATTN:  Dr.  L.  Toth 

1  Dr.  J.  Hurt 

AiResearrh  Manufacturing  Company,  AiResearch  Casting 
Company,  2525  West  190th  Street,  Torrance,  CA  90505 
1  ATTN:  Mr.  K.  Styhr 

AVCO  Corporation,  Applied  Technology  Division,  Lowell 
Industrial  Park,  Lowell,  MA  D1887 
1  ATTN:  Dr.  T.  Vasilos 

Case  Western  Reserve  University,  Department  of  Metallurgy, 
Cleveland,  OH  60605 
1  AHN:  Prof.  A.  H.  Heuer 

Defence  Research  Establishment  Pacific,  FMO,  Victoria, 

B.C.,  VOS  IBO,  Canada 
1  ATTN:  R.  D.  Barer 

European  Research  Office,  223  Old  Maryleborne  Road,  London, 
NWl  -  5th,  England 
1  ATTN:  Dr.  I.  Ahmad 
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Ford  Motor  Company,  Turbine  Research  Department,  ?0000 
Rotunda  Drive,  Dearborn,  MI  48131 
1  ATTN:  Mr.  A.  F.  McLean 

1  Mr.  J.  A.  Mangels 

Ford  Motor  Company,  P.O.  Box  2053,  Dearborn,  Mi  48121 
1  ATTN:  Dr.  D.  Compton,  Vice  President,  Research 

General  Electric  Company,  Research  and  Development  Center, 

Box  8,  Schenectady,  NY  12345 
1  ATTN:  Dr.  R.  J.  Charles 

1  Or.  C.  0.  Greskovich 

1  Or.  5.  Prochazka 

Georgia  Institute  of  Technology,  EES,  Atlanta,  GA  30332 
1  ATTN;  Mr.  J.  0.  Walton 

GTE  Sylvania,  Waltham  Research  Center,  40  Sylvania  Road, 
Waltham,  MA  02154 
1  ATTN:  Dr.  W.  H.  Rhodes 

Martin  Marietta  Laboratories,  1450  South  Rolling  Road, 
Baltimore,  MO  21227 
1  ATTN:  Or.  J.  Venables 

Massachusetts  Institute  of  Technology,  Department  of 
Metallurgy  and  Materials  Science,  Cambridge,  MA  02139 
1  ATTN:  Prof.  R.  L.  Coble 

1  Prof.  H.  K.  Bowen 

1  Prof.  W.  0.  Xingery 

1  Prof.  J.  Vender  Sande 

Materials  Research  Laboratories,  P.O.  Box  50,  Ascot  Vale, 

VIC  3032,  Australia 
1  ATTN:  Or.  C.  W.  Weaver 

Midwest  Research  Institute,  425  Volker  Boulevard, 

Kansas  City,  MO  64110 

1  ATTN:  Mr.  G.  w.  Gross,  Head,  Physics  Station 

Pennsylvania  State  University,  Materials  Research  Laboratory, 
Materials  Science  Department,  University  Park,  PA  16802 
1  ATTN;  Prof.  R.  Roy 

1  Prof.  R.  E.  Newnham 

1  Prof.  R.  E.  Tressler 

1  Dr.  C.  Pantano 

1  Mr.  C.  0.  Ruud 

State  University  of  New  York  at  Albany,  Department  of 
Physics,  Albany,  NY  12222 
1  ATTN:  Prof.  W.  A.  Lanford 

State  University  of  New  York  at  Stony  Brook,  Department  of 
Materials  Science,  Long  Island,  NY  11790 
'  1  ATTN;  Prof.  F.  F.  Y.  Wang 

Stanford  Research  International,  333  Ravenswood  Avenue, 

Menlo  Park,  CA  94025d 
1  ATTN;  Dr.  P.  Jorgensen 

1  Dr.  D.  Rowel iffe 

United  Technologies  Research  Center,  East  Hartford,  CT  06108 
1  ATTN;  Dr.  J.  Brennan 

1  Dr.  K.  Prewo 

University  of  California,  Lawrence  Livermore  Laboratory, 

P.O.  Box  808,  Livermore,  CA  94550 
1  ATTN:  Mr.  R.  Landingham 

1  Or.  C.  F.  Cline 

1  Or.  J.  Birch  Holt 

University  of  Florida,  Department  of  Materials  Science  and 
Engineering,  Gainevislle,  FL  32611 
1  ATTN;  Or.  L.  Hench 

University  of  Washington,  Ceramic  Engineering  Division,  FB-10, 
Seattle,  WA  98195 
1  AHN;  Prof.  R.  Bradt 

Westinghouse  Electric  Corporation,  Research  Laboratories, 
Pittsburgh,  PA  15235 
1  ATTN:  Or.  R.  J.  Bratton 

Battelle  Pacific  Northwest  Lab,  NOT  Section,  Richland, 

WA  99353 

1  ATTN:  Mr.  A.  Birks,  Associate  Manager 


Rensselaer  Polytechnic  Institute,  Department  of  Materials 
Engineering,  Troy,  NY  12181 
1  ATTN;  R.  J.  Diefendorf 

Oak  Ridge  National  Laboratory,  P.O.  Box  X 
Oak  Ridge,  TN  37830 
1  ATTN:  P.  F.  Becher 
1  V.  J.  Tennery 

1  R.  Johnson 

Sandia  Laboratories,  Albuquerque,  NM  87185 
1  AnN;  Or.  F.  Gerstle,  Div  5814 

The  John  Hopkins  University,  Department  of  Civil  Engineering/ 
Materials  Science  and  Engineering,  Baltimore,  MD  28218 
1  ATTN:  Dr.  R.  E.  Green,  Jr. 

1  Director,  Office  of  Science  and  Technology  Policy,  Old 
Executive  Office  Building,  Washington,  DC  20223 

Subcommittee  on  Science,  2319  Rayburn  House  Office  Building, 
Washington,  DC  20515 
1  ATTN:  Mr.  P.  C.  Maxwell 

Aerospace  Corporation.  Materials  Science  Laboratory, 

2350  East  El  Segundo  Boulevard,  El  Segundo,  CA  90245 
1  ATTN;  Or.  L.  R.  McCreight 

IBM  Corporation,  Thomas  B.  Watson  Research  Center, 

Yorkstown  Heights,  NY  10598 
1  ATTN:  Dr.  G.  Onoda 

Corning  Glass  Works,  Research  and  Development  Division, 
Corning,  NY  14830 
1  ATTN:  Dr.  W.  R.  Prindle 

3M  Company,  New  Products  Department,  219-01-01,  3M  Center, 

St.  Paul,  MN  55144 
1  ATTN;  R.  E.  Richards 

Technology  Strategies,  Inc.,  10722  Shingle  Oak  Ct., 

Burke,  VA  22015 
1  ATTN;  Dr.  E.  C.  Van  Reuth 

Rutgers  University,  Center  for  Ceramics,  Rm  A274, 

P.O.  Box  909,  Piscataway,  NJ  08854 
1  ATTN:  Prof.  J.  B.  Wachtman,  Jr.,  Director 

Syracuse  University,  304  Administration  Building, 

Syracuse,  NY  13210 
1  ATTN;  Dr.  V.  Weiss 

Lehigh  University,  Materials  Research  Center  #32, 

Bethlehem,  PA  18015 
1  ATTN;  Dr.  D.  M.  Smyth 

Alfred  University,  Center  for  Advanced  Ceramic  Technology, 
Alfred,  NY  14806 
1  ATTN;  R.  M.  Spriggs 

Alfred  University,  New  York  State  College  of  Ceramics, 

Alfred,  NY  14802 
1  ATTN;  Dr.  R.  L.  Snyder 

University  of  California.  Center  for  Advanced  Materials, 

058,  Hildebrand  Hall,  Berkeley,  CA  94720 
1  ATTN;  Prof.  G.  Somorjai 

Boeing  Aerospace  Company,  11029  Southeast  291,  Auburn, 

MA  98002 

1  ATTN:  W.  E.  Strobelt 

University  of  California,  Materials  Science  and  Mineral 
Engineering,  Heart  Mining  Building,  Rm  284,  Berkeley, 

CA  94720 

1  ATTN:  Prof.  G.  Thomas 

Director.  U.S.  Army  Materials  Technology  Laboratory, 
Watertown,  MA  02172-0001 

2  ATTN:  SLCMT-TML 
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